pH-Responsive Polymers for Biosurfaces: An Investigation of Solution Properties and Surface Modifying Performance by Wei, Yuhong
The University of Southern Mississippi 
The Aquila Digital Community 
Master's Theses 
Spring 2012 
pH-Responsive Polymers for Biosurfaces: An Investigation of 
Solution Properties and Surface Modifying Performance 
Yuhong Wei 
University of Southern Mississippi 
Follow this and additional works at: https://aquila.usm.edu/masters_theses 
 Part of the Chemistry Commons 
Recommended Citation 
Wei, Yuhong, "pH-Responsive Polymers for Biosurfaces: An Investigation of Solution Properties and 
Surface Modifying Performance" (2012). Master's Theses. 573. 
https://aquila.usm.edu/masters_theses/573 
This Masters Thesis is brought to you for free and open access by The Aquila Digital Community. It has been 
accepted for inclusion in Master's Theses by an authorized administrator of The Aquila Digital Community. For 
more information, please contact Joshua.Cromwell@usm.edu. 
The University of Southern Mississippi 
pH-RESPONSIVE POLYMERS FOR BIOSURFACES: AN INVESTIGATION OF 
SOLUTION PROPERTIES AND SURFACE MODIFYING PERFORMANCE 
by 
Yuhong Wei 
A Thesis 
Submitted to the Graduate School 
of The University of Southern Mississippi 
in Partial Fulfillment of the Requirements 
for the Degree of Master of Science 
Approved: 
efean of the Graduate School 
May 2012 
ABSTRACT 
pH-RESPONSIVE POLYMERS FOR BIOSURFACES: AN INVESTIGATION OF 
SOLUTION PROPERTIES AND SURFACE MODIFYING PERFORMANCE 
by Yuhong Wei 
May 2012 
Gantrez® copolymers are used widely in the personal care industry, but their 
mechanisms of interaction with dental surfaces are poorly understood. In this study, we 
determined a number of the solution and polymer properties that control deposition, 
adsorption and adhesion in Gantrez® polymer aqueous solutions to model dental 
surfaces. QCM studies specifically showed that polymer adsorption to model 
hydroxyapatite surfaces occurred only in solutions with polymer concentration above c*. 
Adsorption and adhesion was greater in solutions of higher pH, where greater charge 
density along the polymer backbone was expected. For films prepared via spin-coating 
onto mica surfaces, addition of surfactants to the solution resulted in film surfaces with 
more regular morphology and surface coverage. Flow-through studies in QCM, however, 
showed that there was no polymer deposition or adhesion to the silicon surface from 
solution in the presence or absence of surfactants. The results from these studies provide 
an expanded database to allow researchers to design formulations to meet specific 
requirements of deposition and adhesion for personal care applications. 
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CHAPTER I 
INTRODUCTION 
Thesis Organization 
This thesis includes four chapters. Chapter I is a general introduction of the 
application of polymers in personal care products and the effect of the polymer 
conformation in aqueous solution on the absorption behavior onto biological surfaces. 
The relationships between polymer conformations, polymer film morphology, and 
polymer properties are introduced in the first section. Then, a review of the literature 
concerning Gantrez® copolymers, the development of HAp model substrates, and the 
deposition behavior of polyelectrolytes onto charged surfaces is provided. At the end of 
this chapter, the goal and specific objectives of this research are stated. Chapter II 
provides information about the materials used for this research, the characterization 
techniques and methods and the experimental conditions used. Chapter III 
comprehensively discusses the results obtained from the experiments in terms of model 
substrate development, polymer solution properties, the influence of pH on polymer 
adsorption on the model substrate, and the morphology of Gantrez® 97 and Gantrez® 
97/surfactant systems. Finally, Chapter IV provides conclusions of the research and 
possible future research directions. 
Literature Review 
The role of polymers in personal care products 
1 
With the advancement of technology and improvement in standard of living, more 
and more people are beginning to pay attention to personal care. As a result, the global 
personal care market is quite large, and it is a very attractive sector for the chemical 
2 
industry. Global sales have been estimated at $200bn (€150bn) for manufactured goods 
and $300bn for retail sales of finished products over the last five years, with a global 
annual growth rate of 4.5% [1]. Actually, all kinds of personal products touch the daily 
lives of billions of people across the world, right from the time one wakes up to brush the 
teeth to the time one goes back to bed with a night cream for rejuvenating the skin some 
are shown in Figure 1 [2-6]. Toothpaste makes teeth clean and sanitary and prevents 
dental disease. Shampoo and conditioner provide flexibility and styling performance. 
Many big chemical companies have personal care products in the market, including 
Johnson and Johnson, Unilever, Porter and Gamble, Colgate Palmolive, Kimberley-
Clark, Revlon, Alberto-Culver, and Avon. Personal care products, in general, refer to any 
product used by individuals for personal health or cosmetic reasons, ranging from body 
lotion to shampoo to fragrance. The main and basic role of personal care products is to 
help us lead a healthy life and beautiful look by protecting from adverse factors in the 
environment and/or activating the biological response of our body. Usually, a personal 
care product includes several ingredients such as surfactants, processing aids and active 
substances. Polymers plan an extremely important role in formulation of personal care 
products. An appropriately selected polymer in the formulation provides many potential 
product improvements, such as providing good feeling, increasing water and smudge 
resistance, and enhancing the delivery of active ingredients. Accordingly, many polymers 
have been studied and manufactured for the use of personal care products. Eastman 
Chemical Company manufactures a series of polymers for cosmetics and personal care 
applications (Eastman AQ ™) that serve as film formers in skin care, hair styling, color 
cosmetics and other personal care products. They also aid the dispersion of hydrophobic 
3 
ingredients in water based cosmetic formations [7]. Gantrez® S copolymers from ISP 
help to control the formation and growth of tartar. They are effective in delivery and 
retention of active ingredients including antimicrobials, flavors, coolants, and medicants 
in toothpaste and mouthwash applications. They can also used as adhesives, binders, 
complexing agents, dispersion aids, and film formers [8]. UCARE™ polymers 
manufactured by Dow Company are used as hair conditioners, they deliver light to strong 
conditioning to hair and controlled deposition of actives. They also enable the 
formulation of clear shampoos with no build-up on hair to avoid volume-reduction effects 
[9]. Carbopol® Ultrez 20 polymer produced by Lubrizol is used as a rheology modifier 
and stabilizer; also it provides electrolyte tolerance and unique sensory benefits in 
formulations. It is used in many applications with moderate surfactant content [10]. Thus, 
it is well known that many new polymers have been developed that play an important 
role in the formulations of personal care products. It is safe to say that more and more 
novel personal care products will be developed and more formulations will be needed. 
Thus, it is important to understand the mechanism of polymer interaction with biological 
tissue (i.e. skin, hair, teeth) in order to enable development of new polymers and new 
formulations with enhanced performance. 
Since most formulated consumer products work on/at the interface between 
biological surfaces, understanding of the interaction between polymers and biological 
surfaces will be key for development of new materials. Many personal care products are 
used in aqueous solution; accordingly the focus of this research will be on water-soluble 
polymers. 
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Figure 1. The application of personal care product in our daily life 
Effect of polymer morphology on physical, mechanical and product properties 
Polymers and other surface active materials can be used to mediate interactions 
between biological surfaces and their environment. For example, sodium stearate (the 
active ingredient of soap) removes oil and grease from our skin, and poly (ethylene 
glycol) prevents protein absorption on biological surfaces [11]. Polymers, due to their 
complex structure, have the ability to form multiple conformations that can be controlled 
through environmental and processing conditions [12]. Polymer conformation has a 
direct bearing on the physical properties of the polymer. Some properties that can be 
influenced include solution viscosity, solution light scattering, and mechanical properties. 
For example, rigid rod polymers generally assume more extended conformations than 
polymers with more flexible backbones. These more extended shapes give rigid rod 
polymers very different properties. 
Polymer morphology also affects product performance in different applications. 
For example, for semi-crystalline polymers, the crystalline section has higher density 
than amorphous section [13]; the roughness of a polymeric biomaterial surface has great 
effect on the cell adhesion and attachment [ 14]; it has also been reported that the power 
conversion efficiency of optical photovoltaics heavily relies on the degree of polymer 
chain aggregation and the way in which chains pack in films [15]. 
Effect of polymer conformations in solution on the absorption of polymers 
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A number of studies have shown that the film morphology is determined by 
polymer chain conformation, and for solution cast films, to some extent, the thin films are 
related with the conformation of polymer chains in their precursor solution [16, 17]. A 
more recent report by Xu et al. confirmed that polymer conformation in solution, film 
morphology and film properties are related. With a water soluble conjugate polymer 
(poly [2,5-bis (diethylaminetetraethylene glycol) phenylene vinylene] ) as an example 
and three kinds of solvents with different polarity (water, methanol and chloroform), he 
studied the solvent polarity effect on chain conformation, film morphology, and optical 
properties [ 18]. As shown in Figure 2, the drop cast film processed from chloroform has 
the highest surface roughness; and the methanol processed film is the smoothest. He 
concluded that the film morphology and optical properties of the polymer can be 
manipulated by tuning the solvent polarity, which dominates the polymer chain 
conformation. In chloroform, with extended chain conformation, the resultant drop-cast 
film showed rough morphology and lamellar structures with heterogeneous 
photoluminescence (PL) intensity and lifetime distribution; in methanol, this polymer 
exhibited coiled chain conformation, which resulted in smooth film morphology and 
homogeneous PL lifetime distribution, and high overall PL intensity; in water, polymer 
chains collapse due to unfavorable interaction and cylindrical micellar aggregates were 
formed, the films processed from water featured red-shifted PL spectra, short PL 
lifetimes and low PL intensity instead. Based on the research data, he proposed some 
thoughts of how the polymer conformations in solution will affect the resultant film 
morphology, as shown in Figure 3. 
Chloroform Methonot Water 
(a) (b) (c) 
(d) (c} (f) 
(h) (i) 
Figure 2. Registered atomic force microscopy (AFM) topographical images (33 µm x 33 
µm area), confocal fluorescence intensity images, and confocal fluorescence lifetime 
(FLIM) images from 33 µm x 33 µm areas of DEATG-PPV thin films processed with 
chloroform (a, d, g, respectively), methanol (b, e, h, respectively), and water (c, f, i, 
respectively). Note the presence of polymer aggregates as intense small islands for all 
three films and especially in the AFM images (panels a-c).You must have written 
permission from the polymer to use these images. (Reprinted from Figure 4 with 
permission from reference [18]. Copyright 2010, American Chemical Society) 
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(a} 
{b) 
(c) 
- • 
0 PPV backbone is drawn in red, EG s ide chains in blue. 
Figure 3. Proposed Chain Conformations Adopted by DEATG-PPV in Diluted Solutions 
of Chloroform (a, Left Side), Methanol (b, Left Side), and Water (c, Left Side) and Their 
Evolution into Semidiluted Solutions and Thin Films (Right Side of a, b, and c). 
(Reprinted from Scheme 1 with permission from reference [18]. Copyright 2010, 
American Chemical Society) 
Previous studies in my group showed the effects of chain conformation on 
miscibility, morphology, and mechanical properties of solution blended substituted 
polyphenylene and polyphenylsulfone also [19]. In this work, the molecular 
conformation, degree of linearity, and solubility of self reinforcing polymers and 
polyphenylsulfone polymers in NMP were investigated by static and dynamic light 
scattering techniques. Along with the morphology and mechanical measurements, he 
found that polymer conformation in solution, rather than enthalpic contributions, was the 
primary determinant of miscibility. 
Clearly, from the above examples and many other studies, the conformation of 
polymers in solution has a very important influence on the absorption of polymers onto 
surfaces. Many literature reports have shown that the conformation of polymers in 
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solution is determined by factors such as pH value, ionic strength, temperature, and 
solvent [20-23]. For example, in dilute solution, poly (acrylic acid) molecules may exist 
in either a random coil conformation or may be extended into a more rigid, rod-like 
conformation [24]. Ionization of the carboxylic acid groups, by the addition of sodium 
hydroxide for example, can cause coil expansion to the rigid chain form due to 
electrostatic repulsion between side groups [25]. Many useful techniques, such as sol-gel 
transition processes, have been developed based on polymer solution conformation 
studies. 
Motivation 
The morphology of film plays an important role on the film properties; to some 
extent, the morphology of the resultant film is determined by the polymer conformation 
in the precursor solutions. The morphology of polymers absorbed on the biological 
surfaces and how the absorption process is conducted are expected to play important 
roles on the product performance. Some preliminary research results have proved that. 
Irache JM studied the bioadhesive effect of Gantrez® TM [26]. In order to evaluate the 
capacity of Gantrez® AN as a bioadhesive polymer, in his experiment, Gantrez® 
copolymers were administered by the oral route to laboratory animals in two forms, 
namely in aqueous solution and in the form of nanoparticles (NP). In the first three hours, 
Gantrez® NP displayed a tropism for the stomach and jejunum areas; however, only less 
than 5% of the given dose was found adhered to the mucosa after 8 hours post-
administration. For Gantrez® -sol, the adhered fractions were quite low compared with 
the NP, shown in Figure 4. 
20 
• !! 15 
.., 
~ 
---·-
NP 
14 Ce 
20 
• ~ 15 
~ 
C 
0 
~ 10 
Jl 
1 
.., 
< 
Gantrez-sol 
Ce 
Figure 4. Evolution of the adhered fraction of Gantrez® in either a folded shape as 
nanoparticles or dissolved in an aqueous solution after the oral administration of 1 mL 
aqueous dispersion containing 10 mg copolymer. Each value represents the mean of the 
results of four experiments. Plot: x-axis represents the adhered fraction (mg); y-axis 
represents the different gut segments (Sto: stomach; 11, 12, 13, 14: small intestinal 
segments; Ce: caecum); z-axis represents the time post-administration (0.5, 1, 3 and 8 h) 
(Figure reprinted from Figure 4 in reference [26] by permission of the publisher) 
It was concluded that the adhesive potential of the copolymer between 
methylvinyl ether and maleic anhydride appears to be much stronger when folded as 
nanoparticles than in the solubilised or expanded form. JJ Rouse studied the influence of 
hyaluronic acid solution conformation on its adsorption to hydrophobic drug particles 
[27]. By studying the interaction and adsorption of the hydrophilic polymer hyaluronic 
acid (HA) onto the surface of the hydrophobic corticosteroid drug fluticasone propionate 
(FP), he found that adsorption of FP is greatly related with the conformation of the HA 
molecules in the solution from which adsorption occurred. At low HA concentrations, 
significant adsorption was observed due to hydrophobic interactions between the surface 
of FP drug particles and hydrophobic patches along the HA chains; at higher 
concentrations, adsorption was greatly reduced because the hydrophobic patches are not 
available for interaction with FP surfaces anymore, instead, they formed the tertiary 
network structures for strong HA-HA interactions. 
9 
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These findings provide some insight into the importance of the polymer 
conformations in solution on the absorption onto the biological surfaces. And these 
results indicate that it is important and necessary to establish the relationships ( or theory 
to some extent) between polymer conformations in solution and their biological effects 
that will help direct new formulation. So, based on the critical importance of 
developing a theory to direct formulation in personal care products, this study is focused 
on determining how the polymer conformation in solution will affect the absorption of 
polymer on biological surfaces. There are many kinds of polymers in the market for use 
in personal care products (such as Gantrez®, UCARE, and Eastman AQ) and several 
kinds of biological surfaces (including teeth, skin, hair) based on the specific 
applications. Gantrez® was chosen as the model copolymer for study of solution 
conformation and adsorption onto model tooth surfaces. Gantrez® polymers are known 
to demonstrate dental adhesion properties, resulting from electrostatic interactions 
between carboxylic acid groups on the polymer and calcium ions on the tooth surface 
[24]. 
Previously study on Gantrez® Polymers 
Gantrez® is the trade name for poly(methylvinylether-co-maleic anhydride) 
copolymers manufactured by ISP Company. The structures of Gantrez® commercial 
polymers are shown in Figure 5. 
In an aqueous solution, the copolymers hydrolyze and the product of each cleaved 
anhydride is two carboxylic acid groups. At appropriate pH, carboxylate ions will form 
and the polymers will carry a negative charge as Figure 6 shown. These polyelectrolytes 
~o 
0 
Gantrez® AN 
~o 
0 
ONaNaO 
Gantrez® MS 
Figure 5. Structures of Gantrez® products 
"'o 
OH HO 
Gantrez® S 
OH BuO 
0 
Gantrez® ES 
Figure 6. Ionization of dicarboxylic acid groups 
11 
0 
are considered weak polyanions, in that their charged state is pH dependent. The two 
pKas of Gantrez® 97 will be described in Chapter III. Carboxylic acid groups easily react 
with hydroxyl or amine residues of biologically active molecules forming ester or amides 
bonds between the polymer backbone and the biomolecule, respectively. The reaction is 
based on the attack of a nucleophilic group (such as hydroxyl or amino groups) to the 
anhydride. Consequently, ionic charges are transferred and both a carboxylic acid 
derivative and a carboxylic acid are produced [29]. 
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Because of the previously described unique properties, Gantrez® polymers are 
widely employed for pharmaceutical applications such as denture adhesives, thickening 
and suspending agents. They can be used as adjuvants for the preparation of transdermal 
patches also. In addition, their ester derivatives are also employed as film coating agents. 
The oral toxicity of all of these polymers is quite low (i.e. for Gantrez® AN the LD50 in 
guinea pigs is about 8-9 g/kg per os) [26]. A large number of studies on Gantrez® have 
been reported in the literature. Irache JM evaluated the feasibility of using Gantrez® AN 
to prepare ligand-nanoparticles conjugates and the in vitro activity of ligand conjugates. 
Vandamme K investigated the adjuvanticity of Gantrez® AN nanoparticles in an oral 
immunisation experiment of pigs against F4+enterotoxigenic Escherichia coli 
(F4+ETEC), and found that vaccination with the combination of F4 mixed with 
Gantrez® AN NP improved protection against F4+ETEC infection. In addition, 
vaccination with this formulation also resulted in an F4- specific serum antibody response 
prior to F4+ETEC challenge [30]. He studied the influence of reaction medium on the 
synthesis of Gantrez® AN 119 nanoparticles for oral vaccination also [31], revealing that 
the biological activity of the WGA coating, evaluated via a pig gastric mucin binding test, 
was affected by the preparation method. JF Hernandez-Sierra reported the chronic effect 
of Gantrez® S-97 copolymer on tooth enamel, he concluded that the use of the Gantrez® 
-silver nanoparticles combination is safe with respect to dental esthetics in the control of 
S. mutans [32]. Porfire AS reported the effect of formulation factors on the physico-
chemical properties of dextran associated Gantrez® AN nanoparticles and found that the 
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molecular weight of dextran used was the major factor that influenced all nanoparticle 
properties evaluated [33]. WJ Nudera studied the antimicrobial effect of Triclosan and 
Triclosan with Gantrez® on five common endodontic pathogens [34]. Gantrez® S-97 
itself does not have any documented antimicrobial properties, but the addition of 
Gantrez® S-97 to triclosan exerted a synergistic effect reducing the amount of triclosan 
needed to achieve growth inhibition. All test bacteria were inhibited with a lower 
concentration of triclosan with Gantrez® S-97 when compared with unmodified triclosan, 
shown in Figure 7. 
100 • Triclosan with Gantrcz 
D Triclosan 
Figure 7. MBC (g/mL of triclosan) for triclosan with Gantrez® S-97 and triclosan. There 
was a statistically significant difference between all groups (P <.001 ). (Figure reprinted 
from Figure 2 in reference [34] by permission of the publisher) 
Overall, Gantrez® series polymers are widely studied and used in many kinds of 
personal care products as bioadhesives, drug carriers, and thickening and suspending 
agents. However, most of the studies reported focus on the formulations and their 
applications. Little has been reported on the mechanism of Gantrez® activity or the 
factors that control polymer behavior. These subjects are the focus of this research. 
Development of model substrates 
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The compositions of biological surfaces (such as tooth, skin, and hair) are quite 
complex. It is usually difficult to obtain actual biological tissue for laboratory evaluation 
of personal care formulations. Additionally, the natural surfaces have significant multi-
scale roughness, which limits the applicability of many commonly used surface 
characterization techniques for their analysis. For example, the tooth surface exhibits 
micro-scale roughness, shown in Figure 8 [35]. The very rough, natural surface presents a 
challenge to studying polymer molecular interactions utilizing nanoprobe and other 
surface characterization techniques. Thus, development of a well-characterized, 
nanoscopically smooth model surface is an important part of the research work. 
lwmel \ 
Oenlin 
Pulp 
Cementum 
Periodontol 
li&3ment 
Figure 8. Tooth structure and microscopic structure of tooth surface. The arrow in (a) 
shows the erosion of enamel walls, (b) shows the original structure of enamel. (Figure 
reprinted from Figure 3 in reference [35] by permission of the publisher) 
Models generally attempt to simulate real systems, only in simplified form. This 
allows one to break down problem into sub-problems, to allow study of a system with 
reduced complexity. Thus, the use of models can greatly facilitate the study of 
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mechanism and development of theory; and more importantly, the developed theory 
based on models can be broadly applied rather than being limited to a specific situation. 
Using models instead of real substances to study mechanisms is widely adapted and 
accepted in science, and it is safe to say that the development of much of polymer theory, 
including viscoelasticity and macromolecular chain structure and motion, was based on 
the use of models [12]. 
It has been shown that hydroxyapatite (HAp) [Ca10(P04)6(0H)z], a natural 
mineral containing calcium phosphate(CaP), is the main mineral component of tooth 
enamel [36]. However, because of its poor mechanical properties, HAp is not suitable for 
loading-bearing applications [37]. Therefore, an ideal method to develop a tooth model 
surface is the deposition of HAp/CaP coatings onto another very smooth substrate, by 
which HAp/CaP will be stabilized and a nanoscopically smooth model surface can be 
achieved. Two general methods have been reported to prepare a substrate coated with a 
HAp/CaP layer. The first method includes an electron-beam deposition mechanism. 
HAp/CaP nanoparticles are first made, and then they are deposited onto a smooth 
substrate under a strong electrofield [38, 39]. The second method, also known as 
chemical modification, is to use a technique to create an environment that enables 
formation of a HAp/CaP layer on a substrate. These techniques include bio-nucleation 
coating [39] and phosphorylation coating [40, 41]. 
Absorption of polyelectrolytes on charged surface 
Gantrez® is widely used as an ingredient in the formulation of personal care 
product to improve the absorption or bioadhesion onto biological surfaces. Adhesion is 
effected through charge affinity and/or through reaction/hydrogen bonding. Studies have 
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shown that the enamel of the-tooth surface is usually negatively charged [42]. The 
adsorption kinetics of polyelectrolytes onto charged substrates is complicated [ 43]. 
Studies showed that the absorption process might be described by a two-step mechanism 
[ 44-46]. The first is the transport of polymer chains to the proximity of surface, which is 
diffusion controlled. According to the Stokes-Einstein equation, the diffusion coefficient 
is inversely proportional to the hydrodynamic radius: [47] 
Equation I-1 
Where D is diffusion coefficient, k is Boltzmann's constant, T is absolute temperature, 
'f/0 is viscosity of pure solvent and Rh is hydrodynamic radius. 
When the polymer has approached the surface, the chains then begin to attach to 
the interface. Note that we are studying the adsorption of polyelectrolytes; the 
electrostatic attraction and repulsion between charged groups and the surface must be 
taken into consideration, because adsorption rate and adsorbed mass is highly related to 
the intensity of the interaction force [ 48, 49]. 
The DLVO theory [50-52], which is named after Derjaguin and Landau, Verwey 
and Overbeek, was developed to describe the interaction of charged surfaces through 
liquid medium. Both the attraction due to van der Waal 's forces and the electrostatic 
repulsion caused by electric double layers (EDL) of counterions were considered in this 
theory. The region at the surface consisting of two oppositely charged layers is called the 
EDL which is built when a charged surface is immersed into a polyelectrolyte solution, 
where the charge on the solid surface attracts an excess of oppositely charged counterions 
close to the interface. DLVO theory includes the combined effects of van der Waals and 
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electric double layer forces. But some useful assumptions suitable for ordinary conditions 
can simplify the analysis process, which involve adding the two parts together. After 
simplification, the interaction free energy between two spheres of radius R is shown as: 
Equation I-2 
Where: k8 T is thermal energy; k-1 is the Debye-Htickel screening length; y is the 
reduced surface potential; p00 is the number density of ions in the bulk solution; D is the 
distance of the molecule from the surface. 
Accordingly, the interaction between two particles or two surfaces in a liquid can 
be expressed as: 
W (D) = W (D)A + W (D)R Equation I-3 
where W (D)R is the repulsive interaction energy due to electric repulsion and W (D)A 
is the attractive interaction energy due to van der Waals interaction. 
Many literature reports have shown that many variables may affect the adsorption 
behavior of polycarboxylates onto a charged solid surface, including solution conditions 
(such as pH, ionic strength, temperature and polymer concentration) and polymer 
structure parameters (such as molecular weight and charge group distribution) [53-58]. 
Research Objectives 
The goal of this thesis research is to develop a greater understanding of the 
mechanisms of Gantrez® deposition onto model dental surfaces through systematic study 
of polymer solution conformation and adsorption characteristics as a function of 
solvent/solution parameters. The objectives of the project are to: 
• Obtain the model polymer Gantrez® S-97 and purify it from commercial Gantrez® 
S-97 BF solution by dialysis. 
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• Study the effect of varying solution parameters on the overlap concentration (c*) of 
Gantrez® S-97 polymer by Ubbelohde and concentric cylinder geometry viscomtry. 
Solution parameters to be analyzed include salt concentration and type and surfactant 
concentration and type. At c* the polymers in solution will begin to interact with 
each other, and it is hypothesized that this will affect the deposition profile. 
• Determine the polymer conformation in solution using multi-angle laser light 
scattering (MALLS) and dynamic light scattering (DLS) as a function of pH and 
ionic strength. Understanding the solution conformation of the polymer will be 
critical for predicting how the polymer will adsorb to the target model surface. 
• Develop nanoscopically smooth hydroxyapatite (HAp) surfaces for use as a model 
substrate to evaluate polymer deposition and surface modification at the molecular 
level. Additionally mica will be used as a contrast model substrate. 
• Study the morphology and thickness of Gantrez® S-97 and Gantrez® S-97 /surfactant 
system absorbed films on model surfaces by AFM, QCM-D and ellipsometry. 
CHAPTER II 
EXPERIMENT AL 
Materials 
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Silicon wafers with 500µm thickness were obtained from Silicon, Inc. Resistivity 
1-10 ohms-cm, ultra pure HPLC grade water was obtained from Fisher chemical. Mica, 
3-aminopropyl-triethoxysilane (APTES) and triethoxy-silylpropylsuccinic anhydride 
(TESPSA) were obtained from Aldrich. Nano HAp (NHAp) was supplied by Berkeley 
Advanced Biomaterials, Inc. in powder form. Gantrez® S-97 BF was a gift from ISP. 
The poloxamers L62, L64, P65, F68 as shown on Figure 9 are water soluble nonionic 
triblock copolymers composed of a central hydrophobic chain of polyoxypropylene 
(poly(propylene oxide)) flanked by two hydrophilic chains of polyoxyethylene 
(poly(ethylene oxide)) under the trade name Pluronics, which were supplied by BASF. 
Inorganic polyvinylidene Fluoride (PVDF) membrane filter (Anotop 25, Whatman) was 
supplied by Maidstone, UK. All other chemicals were purchased from Sigma (U. S. A.) 
and were of AnalaR grade or equivalent quality. Materials were used as received unless 
otherwise noted. 
a b 
L64 y.,,•.•w•w•w•w•w•w•• 
H{o~J1.EO~OH F68 ............ ~.:.=:::::::  .... ..,.. .. _.. 
• and • are equivalent to 3 repeat units of PPO/PEO 
Figure 9. (a) Chemical structure of poloxamer (b) Cartoon of poloxamers with the same 
PPO repeating units 
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Nucleation Growth of CaP04 on Silanized Silicon wafer 
This method was adopted by Toworfe [ 40]. Silicon wafers were cut in uniform 
0.5cm x 0.5 cm squares, and were cleaned using piranha solution (H2S04: H202, 70:30) 
followed by extensive washing with ultrapure water. Cleaned surfaces were stored in 
ultrapure water. Before silanization of the surfaces, silicon wafers were dried using ultra 
pure nitrogen and treated with UV-ozone using a Bioforce nanoscience UV Ozone 
ProCleaner™ for 10 minutes for oxide layer formation. After UV-0 treatment surfaces 
were treated with the chosen siloxane solution under nitrogen for -16 hours at room 
temperature. For the siloxane reaction 5% (v/v) APTES and 10 % (v/v) TESPSA 
solutions in toluene were employed. After reaction the samples were sonicated serially in 
toluene, DMF (N, N-dimethlyformamide), and ultrapure water for 20 minutes each, and 
then dried under nitrogen. 
Similated body fluid (SBF) was used for in-vitro growth of CaP04 on silanized 
surfaces. SBF was prepared using a mixture of salts: NaCl (0.11 mol), NaHC03 (4.8 
mmol), KCl (2.8 mmol), K2HP04. 3H20 (1.10 mmol), MgCh.6H20 (1.7 mmol), CaCh 
(2.6 mmol), Na2S04 (0.07 mmol), HCl (lM, lmL) and (CH20H)3CNH2 (0.05mol). Salts 
were dissolved in HPLC grade water (100 mL) and pH was adjusted to 7.4 using lM 
NaOH. Silanized silicon wafers were immersed in SBF at different time intervals to 
encourage growth of CaP04. 
Scanning Electron Microscopy 
Surface morphological images of samples were acquired using an FEI Quanta® 
200 scanning electron microscope (SEM). All specimens were sputter coated with 5 nm 
thick gold under an argon atmosphere using Emitech K550X gold sputter coater and 
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SEM analysis was performed using a 20 kV accelerated voltage. SEM mode and spot size 
was secondary electron and 4, respectively. Emission current valid during the SEM 
measurement was 100 uA. Pressure used inside the sample chamber was 6 x 10-4 P. 
Atomic Force Microscopy 
Surface topology and roughness were investigated using a Dimension 3000 
scanning probe microscope (Veeco ). A silicon probe with nominal force constant of 40 
Nim and resonance frequency of 275 kHz was used for tapping mode surface topography 
studies. Surface topographies of samples were studied on 2 µm x 2µm, 5 µm x 5 µm and 
10 µm x lOµm scan size areas at an image resolution of 512 x 512 pixels and a scan rate 
of 0.5 Hz. AFM imaging was conducted under ambient conditions in a temperature 
(22°C) and humidity ( 40-45%) controlled room. Samples were probed at several 
locations across the surface and representative micrographs are presented. Image 
processing and analysis were performed using Nanoscope version 5.30 r2 image analysis 
software to determine the domain sizes, root mean square (Rms) and average roughness 
(Ra) values reported. Image processing was limited to data leveling by plane subtraction 
and the correction of scan line artifacts. 
AFM samples were prepared using silicon wafer and mica as substrates by spin 
casting. Piranha solution and UV-ozone were used to clean the silicon wafer. Nano HAp 
was dispersed in ethanol. Here we spin cast the NHAp on mica under speed 2000 rpm for 
30s. A freshly cleaved mica surface was prepared by placing the mica on the vacuumed 
spin coating system and using a piece of tape to cleave under vacuum (mica was cleaved 
with a tape in the vacuumed spin coating system). The well cleaved mica surface should 
be smooth with no crack on the surface. The solution was aged overnight and shaken well 
before using for spin coating: Here we spin cast the polymer film on mica under low 
speed 1500 rpm for 1 min and then increased the speed to 4000 rpm to dry the surface. 
Contact Angle 
22 
Contact angle measurements were conducted via the sessile drop technique using 
a Rame-Hart goniometer coupled with DROP-image® data analysis software. The static 
contact angle formed by drops of HPLC grade water was measured for blank, 
functionalized and CaP04 modified surfaces. 
Thickness Measurement 
Ellipsometric measurements were carried out using a Gaertner Scientific 
Corporation LSE ellipsometer with a helium-neon laser source (632.8 nm) at an incident 
angle of 70°. Refractive indices of 3.89 for silicon, 1.46 for silicon oxide, 1.426 for 
APTES, and 1.441 for TESPSA were used. 
Static and Dynamic Light Scattering 
Viariable-angle static and dynamic light scattering measurements were made 
using incident light at 633 nm from a Spectra Physics model 127 HeNe laser operating at 
40 mW. The z-average root mean square radius of gyration (R9 ), weight average 
molecular weight (Mw), second virial coefficient (A2) of the polymer in 100 mM NaCl 
were measured by SLS techniques using a Brookhaven Instruments BI-200SM 
goniometer with an avalanche photodiode detector and TurboCorr correlator in batch 
mode. The hydrodynamic radius (Rh) of the polymer in 100 mM NaCl were measured by 
DLS using the same instrument described above. For DLS, the intensity autocorrelation 
function (g<2)<"C)) was used to analyze the fluctuations in scattering intensity. Apparent 
diffusion coefficients (Dapp) were calculated based on the relation 
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Equation II-1 
where r and q2 are the decay rate and the square of the scalar magnitude of the scattering 
vector, respectively. Then the hydrodynamic radius (Rh) could be calculated from the 
Stokes-Einstein equation as described in the introduction part. 
50 mg/ml stock solutions were prepared first, then the diluted solutions were 
prepared in the concentration range 0.05-1.0 mg/ml in a batch mode. HPLC grade water 
and polymer solutions were filtered vial through a 0.02 µm and 0.45 µm pore size filter 
separate! y. 
Dilute Solution Viscometry 
The intrinsic viscosity of the Gantrez® 97 BF solution was obtained using 
Ubbelohde Viscometer (as Figure 10 shown) in the Koehler KVlOOO Kinematic 
Viscosity Bath. 
Figure 10. Ubbelohde Viscometer 
0.5 g/dl stock solutions were prepared first, then the diluted solutions were 
prepared in the concentration range 0.5-0.05g/dl. 20 ml of solution was introduced into 
Ubbelohde viscometer (Serial No. 2368, Constant at all temperatures. 0.01031) using 20 
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ml syringe. The viscometer was placed into the holder and inserted into the Kinematic 
Viscosity Bath. The water bath temperature was stable at 25°C. The solution in the 
viscometer was left in the water bath for 10 minutes before measuring the solution efflux 
time. The measurement was repeated 3 times following the above procedure and the 
average efflux time calculated. The intrinsic viscosity was obtained based on the "ideal 
gas law" of capillary viscosity (Equation 11-2) and Table 1. 
rpx tp 
Table 1 
Nomenclature for Polymer Solution Viscosity 
Result Units 
Relative Viscosity dimensionless 
Specific Viscosity dimensionless 
Inherent Viscosity dl/g 
Reduced Viscosity dl/g 
Intrinsic Viscosity dl/g 
Absolute Viscosity cP 
Kinematic Viscosity cS 
Note. Where 170 = Solvent Viscosity and 17 = Polymer Solution Viscosity 
Equation II-2 
Equation 
11 11r = -
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Quartz Crystal Microbalance with Dissipation Detector (QCM-D) 
QCM-D studies were performed with a Q-Sense E4 system consisting of four 
flow modules that were configured to run in parallel. All throughout, standard QSX 303 
crystals (Q-Sense) consisting of quartz with a thin evaporated Si02 electrode attached via 
a chromium adhesive, and QSX 327 crystals consisting with a thin hydroxyapatite 
surface attached via a 5 nm chromium adhesive and 50 nm Titanium adhesive were used. 
To remove any organic residues from the surface, the QSX 303 crystals were first 
UV /ozone treat for 10 minutes, cleaned with 2% Sodium Dodecyl Sulfate (SDS) for 30 
minutes in room temperature, rinsed with water, dried with N2, and UV/ozone treat for 10 
minutes prior to being mounted in the measuring chamber; the QSX 327 crystals were 
first UV /ozone treat for 20 minutes, immerse the sensor surfaces in 99% ethanol for 30 
minutes, rinsed with copious amounts of water, dried with N2, and UV /ozone treat for 20 
minutes prior to being mounted in the measuring chamber. During measurements, the 
initial flow rate was set to 150 ul / min and the pump turned off once the appropriate time 
for filling the measuring chamber was reached. 
CHAPTER III 
RESULTS AND DISCUSSION 
The Preparation of Model Substrates 
Solution casting of NHAp onto a silicon wafer surface 
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Several methods have been reported in the literature to prepare a hydroxyapatite 
(HAp) coating on a smooth substrate, including pulse laser deposition [59], plasma 
spraying [60] , sol-gel coating [61], bio-nucleation coating [39) and phosphorylation 
coating [62). The HAp coating produced from the plasma spraying or pulse laser 
deposition methods mentioned above usually has a very rough surface (several hundred 
nanometers to several microns) that is unsuitable for the study of monolayer polymer 
adsorption [63]. Even after further processing, such as thermal compression molding and 
polish, the roughness is still in the micron scale. Other methods are difficult and costly to 
reproduce. We attempted to employ nano scale HAp (NHAp) dispersionto prepare model 
surfaces. 
Spin coating is a widely used technique to prepare nanoscopically smooth 
surfaces [64) . Figure 11 shows an SEM micrograph of HAp nanoparticles deposited onto 
a freshly cleaved mica surface by spin coating (1 % (w/w) NHAp dispersion in ethanol, 
spin time 30s, RPM, 2000). The white dots represent HAp nanoparticles. The surface 
appears to contain large aggregates (tens to hundreds of microns) that are dispersed 
across the film. It appears that a continuous, uniform film was not obtained. Spin coating 
process parameters were varied, including spin speed, droplet size and concentration, but 
it was not possible to prepare a smooth HAp film using this method. In an attempt to slow 
solvent evaporation and obtain a more uniform film, solution casting was performed. 
Figure 11. SEM micrograph of 1 % (w/w) NHAp on mica by spin coating 
Again, it was not possible to produce a uniform, nanoscopically smooth film, as 
shown in Figure 12. 
Figure 12. SEM micrograph of NHAp on mica by solution casting 
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Multiple dispersion concentrations (from 0.1 wt% to 1 wt%) were investigated, 
but smooth films were not observed. The aggregate particle size is in the range of 10-50 
microns, slightly smaller than the aggregation formed by spin coating, but still too large 
for use in polymer adsorption studies. 
It was next attempted to melt the NHAp particles to form a smooth film. The 
melting point of HAp is reported to be around 1614°C [65], which is difficult to achieve 
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in most of the commonly used "laboratory heating equipment. 
Microwave heating was reported to be an effective process for sintering HAp 
particles, and resulting products demonstrated a flatter and smoother surface morphology 
than that of conventionally sintered samples [66]. Since the driving force for the 
densification of solid-phase sintering is the decrease in surface area and the lowering of 
the surface free energy by the elimination of solid-vapor interfaces [67], the rough and 
uneven as-sintered surfaces correspond to a higher residual surface area and imply a 
lesser degree of sintering. 
The solution cast NHAp on mica samples were placed in a commercial 1100w 
microwave oven for heating 30 minutes and 60 minutes. Figure 13 shows the as-heated 
SEM micrograph of a NHAp sample heated in the microwave oven for 30 minutes. The 
film surface does not appear uniform, rather larger aggregates are observed, indicating 
that the microwave was not powerful enough to melt the NHAp particles. Furnace 
heating of the NHAp particles resulted in degradation. 
Figure 13. SEM micrograph of microwave heated NHAp on mica surface for 30 minutes 
An immersion method for deposition of NHAp was also attempted. Mica was 
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immersed in a 2% NHAp dispersion in ethanol overnight followed by washing with 
distilled water and drying with nitrogen. An SEM micrograph of the resulting NHAp 
deposition on the mica surface is shown in Figure 14. While particle size is reduced and 
the surface coverage is improved, the film roughness is still too great. 
Figure 14. SEM micrograph of mica surface immersed in dispersed 2 % NHAp solution 
overnight 
Figure 15. SEM micrograph of mica surface in 2% NHAp solution with sonication 30 
minutes 
Sonication (Figure 15) resulted in an even finer dispersion of NHAp particles on 
the mica surface. However, the mica substrate was damaged in the sonication process. 
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The growth of CaP04 onto silicon wafers by a nucleation method 
As we were unsuccessful in producing smooth films from HAp particles, it was 
attempted to develop a CaP04 film on the silicon wafer surfaces through a nucleation 
process. Because of its biocompatibility and excellent biomechanical properties, CaP04 
coated biomaterials are widely used in load-bearing implants [69]. Nucleation is a 
convenient way to develop a layer of CaP04 on biomaterials. It has been reported in the 
literature that the functional group on the matrix surfaces has an important effect on the 
nucleation and growth of CaP04 [ 41] , so two different silane agents were used to modify 
the surface of silicon wafer and the CaP04 nucleation behavior was studied. The two 
silane agents used are shown in Figure 16. A schematic of the process of nucleation of 
CaP04 onto a silicon wafer is shown in Figure 17. 
Figure 16. Structures of organosilanes (a) APTES (b) TESPSA 
Figure 18 shows AFM micrographs of CaP04 deposited on the silicon wafer 
surfaces functionalized with APTES and TESP A that had been incubated for one and two 
days. Clearly, the particle size formed by the nucleation method is much smaller than that 
obtained by the previously described methods. With longer incubation times the particle 
size appears to increase. Additionally, the TESPA functionalized surface shows larger 
particle aggregates than the APTES functionalized surface. The time dependence of 
deposited CaP04 thickness on silicon wafer was measured by ellipsometry. After one day 
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of incubation the CaP04 layer thickness was above l 00 nm, beyond the limit of 
ellipsometry. According to previous literature reports [13], in simulated physiological 
fluids , the thickness of the Ca-Player grew slowly over the first few hours, increasing 
strongly between l and 5 days and then slowing with increasing time In my studies, 
however, much faster growth was observed. The roughness of the CaPQ4 layer was 
determined from AFM analysis. The roughness is low in comparison to the thickness of 
the film, indicated that a continuous layer is present, though aggregates are observed at 
the surface of the film. 
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Figure 17. Schematic of growth of CaPQ4 on silanized silicon wafer (AFM height image 
of CaP04 covered APTES silanized surface) 
Contact angle values were measured after each step of the deposition process 
(Table 2). The contact angle of silicon wafer is reported as 0, or fully water wetting. After 
the surface modification by APTES-NH2 and TESPSA-COOH, the contact angles of 
silicon wafer increased to 49.9° and 31.8° respectively, and the results are consistent with 
the values reported in the literature [69]. After the deposition of CaP04 layer, the contact 
angles decreased again. For the APTES-NH2 modified surface, the contact angle 
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decreased from 49.9° to 43.3° and for TESPSA-COOH modified surface, the contact 
angle decreased from an average value of 31.8° to 28.1 °. These results provide further 
evidence of the formation of a CaP04 layer on the silanized silicon wafer. The standard 
deviations for the TESPSA modified surfaces, however, are quite high, potentially due to 
the observed aggregates on the surface. 
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Figure 18. AFM height images of CaP04 deposited on the silanized silicon wafer (a) 
APTES silanized substrate, 1 day immersed in SBF (b) APTES silanized substrate, 3 
days immersed in SBF (c) TESPSA silanized substrate, 1 day immersed in SBF (d) 
TESPSA silanized substrate, 2 days immersed in SBF. 
Table 2 
Water contact angle summary of nucleation CaP04 
Substrate 
SiOx (after piranha and UV treatment) 
-NH2(in toluene) silanized surface 
CaP04 over -NH2 functionalized surface 
-COOH (in toluene) silanized surface 
CaP04 over -COOH functionalized surface 
Water Contact angle 
0 (wettable) 
49.9±2.5 (Reference 40-60) 
43.3±1.3 
31.8±2.4 
28.1±6.0 
Solution Behavior of Gantrez® 97 Polymer 
The solution behavior of Gantrez® was characterized by dilute solution 
viscometry, static light scattering (SLS) and dynamic light scattering (DLS). 
Overlap Concentration ( c*) 
The concentration at which the solvated polymer coils just began to touch is 
referred to as the overlap concentration. The c* determines the concentration below 
which the dilute concentration regime begins. As Figure 19 shows, below this 
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Figure 19. Conformation examples of polymer in solution and adsorption on substrate 
coils overlap and become entangled. At this concentration, the viscosity in solution 
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concentration, polymer coils a:re not entangled, above this concentration the polymer 
begins to rise at a more rapid rate than in lower concentrations. 
Intrinsic viscosity 
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Dilute solution viscometry (DSV) is the viscosity measurement of dilute solutions 
of polymers. Typically, a sample is dissolved in a solvent at a specified concentration in 
the range 0.2-1.0 g/dl. Polymer solution viscosity is measured relative to the viscosity of 
the pure solvent. The relative viscosity (rJr) is simply the ratio of the two measurements: 
- T/ rJr - -
T/o 
Equation III-1 
Where rJ is the viscosity of polymer solution and rJo is the viscosity of the pure solvent. 
The specific viscosity (rJsp) of the polymer is calculated from the following equation: 
T\sp = 11r-l = (T\-T\o)/ T\o Equation III-2 
The intrinsic viscosity (T\) of the polymer is obtained by dividing the specific viscosity by 
concentration as the concentration approaches zero: 
[T\] = (T\sp/C) I c-->O Equation III-3 
Radius of gyration (R9 ) 
Polymer chains consist of atoms that are connected by covalent bonds that are 
usually capable of rotating, creating numerous possible conformations. It is difficult to 
define the shape of a polymer chain. Therefore, the radius of gyration, R9 , is widely used 
since it can be measured by static light scattering. The radius of gyration is the average 
distance of the chain segments from the center of the gravity of the polymer. The R9 of a 
polymer in a poor solvent is generally smaller than that measured in a good solvent. For 
the same polymer at given molecular weight, the R9 is different with and without 
branching. 
Hydrodynamic radius (Rh) 
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By definition, the polymer hydrodynamic radius, also called the Stokes radius, is 
the effective radius of a hard sphere that diffuses at the same rate as a solvated polymer in 
solution. If the solvent is water, the hydrodynamic radius includes all the water molecules 
attracted to the polymer molecule. Hydrodynamic radius can be measured by dynamic 
light scattering (DLS) technique. 
Shape factor ( p) 
The shape factor is defined as: 
Equation III-4 
where R9 is radius of gyration of the polymer and Rh is the polymer hydrodynamic 
radius. By combination of static light scattering and dynamic light scattering techniques, 
shape factor can be calculated. The shape factor provides a measure of polymer 
conformation in solution [70). The theoretical value of shape factor for a hard sphere is 
0.778, random coil polymers demonstrate values in the range of 1.27-2.05, and rod-like 
polymers show values greater than 2.2 [71-73 ]. 
Effect of pH value on Gantrez® 97 solution 
Effect of pH value on the c * of Gantrez® 97 solution 
Since most of the Gantrez® solution are being used at a pH value ranging from 4-
7 in personal care products, the Gantrez® 97 solution properties were evaluated at pH 4 
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and pH 7. Using Einstein's equations for dilute suspensions of solid spheres, c* can be 
estimated from the inverse of intrinsic viscosity: 
* 1 C =-
T/ 
Equation 111-5 
The viscosities of the Gantrez® solutions were measured using an Ubbelohde viscometer. 
The intrinsic viscosity was calculated using the Huggins equation: 
T/sp = [17] + k'[17]2c 
C 
Equation 111-6 
and the Kraemer equation: 
lnrJrel = [l7] + k''[l7]2C 
C 
Equation 111-7 
k' - k'' = 0.5 Equation 111-8 
Where k' is the Huggins coefficient, which generally ranges between 0.35 and 0.40; and 
k" is the Kraemer coefficient, which is generally negative and is often around -0.15. 
Intrinsic viscosity is calculated from the intercept of Huggins and Kraemer plots, as 
illustrated in Figure 20 (a). 
a 
Intrinsic viscosity 
O C 
Huggins/Kraemer plot 
Figure 20. (a) Huggins/Kraemer plot (b) Koehler KVlOOO Kinematic Viscosity Bath 
Table 3 
Summary of Kinematic Viscosity measurements for Gantrez® 97 in different salt 
solutions 
Solvent pH k ' 
100 mM NaCl 4 0.30 
100 mM NaCl 7 0.22 
100 mM NaCl 7 0.34 
+lmM CaClz 
100 mM NaCl 7 2.67 
+5mM CaClz 
-0.14 
-0.15 
-0.13 
0.31 
Intrinsic 
viscosity 
17( dl/ g) 
3.12 
4.17 
3.57 
1.78 
c*(g/dl) 
0.32 
0.24 
0.28 
0.56 
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The k: k" and c* values of Gantrez® at pH 4 and pH 7 measured from capillary 
viscometer method are listed in Table 3. Clearly, c* of Gantrez® 97 decreases with 
increasing pH value. This is understandable, as the Gantrez® copolymer contains two 
carboxylic acid groups in the molecular structure, and the pKa for the two carboxylic acid 
groups are pK1 = 3.0 and pK2 = 6.22 [74]. At pH 4 solution, Gantrez® 97 copolymer is 
partially ionized since the pH value is between pK1 and pK2; at pH 7, Gantrez® 97 
copolymer is totally ionized since the pH value is above both pK1 and pK2. The 
ionization will greatly facilitate the expansion of Gantrez® copolymer molecules in 
aqueous solution, so, the molecular chain of Gantrez® 97 copolymer is more expanded at 
pH 7 than at pH 4, and the c* is lower at pH 7 as a result. 
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In order to further explore the effect of pH value on the conformation of 
Gantrez® copolymer in the aqueous solution, the shape factors of Gantrez® copolymers 
in aqueous solution with different pH values were measured through DLS and SLS. 
The effect of pH value on shape factor of Gantrez® 97 
Static light scattering (SLS) data are linearly fitted using a Zimm plot, where 
Kc/Re is plotted versus sin2 (8 / 2) , shown in Figure 21, 22, 23 for Gantrez® 97 
copolymers in aqueous solution at pH 2, pH 4 and pH 7 respectively. 
7 .4 21e-07 
4 .025e.07 0.0 
Sin ::(&12) • 21 c 
Z immPtol: 
Figure 21. Zimm plot of Gantrez ® 97 in 100 mM NaCl at pH 2 
5 84Se-06 
1 645e-06 0.0 
Figure 22. Zimm plot of Gantrez ® 97 in 100 mM NaCl at pH 4 
1.1 
1 0 
39 
4 .212e.06 
I I 
4 .41Qe.07 O.O 
' Sin (8/2) + 21 C 1.1 
Zimm ?tot 
Figure 23. Zimm plot of Gantrez ® 97 in 100 mM NaCl at pH 7 
There is good agreement for Mw from extrapolation of angular and concentration 
data, and parallel lines are observed at different concentrations and angles. The 
conformation of the polymer in solution can be determined from the angular dependence 
of light scattering from solution. Dynamic light scattering (DLS) was further employed to 
measure the hydrodynamic radius (Rh) in order to get the shape factor value. 
The second virial coefficient (A2), molecular weight, R9 , Rh, and shape factor (p) 
of Gantrez® at pH 2, pH 4 and pH 7 measured in 100 mM NaCl aqueous solutions are 
shown in Table 4. Note that the molecular weights measured for Gantrez® 97 are 
different in the solutions of different pH. The measured copolymer molecular weight 
varies from 2xlOA6 g/mol at pH 2, to -5xlOA5 g/mol at pH 4, to lxlOA6 g/mol at pH 7. 
The reported molecular weight by the manufacture is 2xlOA6 g/mol. It would be expected 
that a similar molecular weight would be obtained for each sample. The measurements 
were repeated several times, and the results were quite consistent. The differences may 
result from experimental error, error fitting the linear plots and wide polydispersities. The 
A2 , Rg and Rh values follow expected trends. From Table 4 we can see that R9 of 
Gantrez® 97 copolymer in 100 mM NaCl aqueous solution increases with increase of pH 
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value, from 39.1nm at pH 2 to 72.2 nm at pH 7. A2 and Rh also increases with increasing 
pH. The second virial coefficient (A2) reflects the strength of the interaction between 
Gantrez® polymer and NaCl solvent. Stronger polymer-solvent interaction and larger 
size indicates a more expanded molecular chain, which supports the findings obtained by 
viscometry. 
Table 4 
Summary of SLS and DLS measurements for Gantrez® 97 in I 00 mM NaCl 
pH 
2 
4 
7 
A2 (mol *ml/g2) Mw (g/mol) Rg (nm) 
6.80x10-5 
l.22x10-3 
l.02x10-3 
2,320,000 
501,000 
1,320,000 
39±3 
50±3 
72±5 
17 
17 
25 
p 
2.1 
2.8 
2.7 
The calculated shape factor falls in the range of 2.1-2.8 for all samples in the 
investigated area, which means that Gantrez® 97 copolymer is most likely rod-like in the 
aqueous solution. 
Effect of ionic strength on Gantrez® 97 solution 
Numerous literature reports have shown that the ionic strength of the solution has 
an important effect on the polymer conformation CaC}i was added to the Gantrez® 97 
solution to study the ionic strength dependence of polymer conformation. The c* values 
of Gantrez® 97 in solutions of different ionic strength at pH 7 are listed in Table 3. The 
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c* of Gantrez® copolymer solution increases with the increase of ionic strength of 
solution, as expected. Increasing ionic strength will increasingly shield the charges on the 
polyelectrolyte chain, resulting in a more collapsed chain conformation and a higher c*. 
Effect of solvent on Gantrez® 97 solution 
It is well known that polymers have different conformations in different solvents, 
and that solvent polarity may have a large effect on conformation. As a common solvent 
added to the personal care products, ethanol was chosen as co-solvent to study the effect 
of solvents on Gantrez® 97 polymer solutions. At pH 4 and pH 7, the c* of Gantrez® 
solutions with different ethanol molar ratios were measured and the detailed data are 
listed in Table 5. 
The addition of ethanol decreased the c* dramatically for both pH 4 and pH 7 
solutions for low concentrations of ethanol (5% of ethanol). However, this effect is 
decreased as the concentration of ethanol is increased, as shown in Figure 24. These 
findings indicate that the addition of a small amount of ethanol (5%) promotes the 
expansion of Gantrez® 97 molecule in aqueous solution. 
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0.25 ...... •••• ••••••••••• ~ ~ 0.2 I ............_~"_; ·~·:· -~·~· ~ ..... ------
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Figure 24. Effect of ethonal on c* of Gantrez® 97 
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Table 5 
Summary of Kinematic Viscosity measurements for Gantrez® 97 in ethanol 
EtOH% pH k' k" c* (g/dl) 
0 4 0.30 -0.14 0.32 
0 7 0.22 -0.15 0 .24 
5 4 0.29 -0.14 0 .24 
5 7 0.30 -0.13 0.20 
10 4 0.24 -0.15 0.24 
10 7 0.25 -0 .13 0.20 
20 4 0.22 -0.16 0.29 
20 7 0.22 -0.15 0.24 
Effect of surfactants on Gantrez® 97 solution 
Surfactants are widely used in the formulation of personal care products in order 
to improve the performance of given aspects of the products. It is important in practice to 
determine whether and how the surfactants will affect the conformations of Gantrez® 97 
in solution. Poloxamers, widely used surfactants in personal care products, were 
employed here to study their effects on Gantrez® 97 solution properties. 
Poloxamers, OH(C2H40)a(C3HeiO)b(C2ILiO)aH, are nonionic triblock copolymers 
composed of a central hydrophobic chain of polyoxypropylene (poly(propylene oxide)) 
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flanked by two hydrophilic chains of polyoxyethylene (poly(ethylene oxide)) [75]. 
Poloxamers are widely used for their general functionality as surfactants, emulsifiers, and 
as solubilizers in cosmetics and mouthwash. Four water soluble poloxamers with the 
same PPO repeating units were chosen as a series to study the surfactant influence on 
polymer solution conformation as shown in Table 6. Their structures and detailed 
information were shown in Figure 9. 
Table 6 
Poloxamer summary 
Pluronic Poloxamer pH b a PEO% Molecular 
Weight (g/mole) 
L62 182 5-7.5 30 8 20 2500 
L64 184 5-7.5 30 13 40 2900 
P65 185 5-7.5 30 19 50 3400 
F68 188 6-7 30 75 80 8400 
F 127 407 NIA 56 98- 70 9840 - 14600 
101 
L64 has the highest cleaning activity while F68 has the best foaming properites 
compared with other Polaxamers. Due to the low skin and eye irritation, L64 is mainly 
used as cleanser in mild facial products such as make up cleaning wipes and color 
cosmetics. The solubilizer F68 is mainly used in shower gels, washing foams, shaving 
gels, and oral care applications such as toothpastes or mouthwash products. F127 is used 
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as a thickener, gelling agent, coemulsifier and bodying agent in toothpastes, 
mouthwashes, creams and liquid emulsions. Since the mouthwash product Listerine made 
by Johnson & Johnson contains F127, it is of interest to study the influence of 
Poloxamers containing the same number of PPO repeating units on the solution rheology 
and polymer conformation. 
Data from the surfactant studies are shown in Table 7 and Figure 25. 
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Figure 25. Effect of surfactant selection on c* of Gantrez® 97 at 10 to 1 surfactant to 
polymer molar ratio 
For all four surfactants, c* is decreased in comparison to that of neat Gantrez, at 
both pH 7 and pH 4. It appears that the c* data is similar for all four types of surfactants, 
which indicates that the PPO segment plays the key role in reducing the c* of the 
Gantrez® 97 solutions, as the four surfactants shared the same PPO length. The effects of 
surfactant concentration were studied further using P65 surfactant (Table 7 and Figure 
26). The c* decreases at the first loading level of surfactant (10 to 1 surfactant to polymer 
molar ratio), and then appears to stabilize or slightly increase with increasing P65 molar 
ratio. This is attributed to different effects produced on incorporation of P65 surfactant 
Table 7 
Summary of Kinematic Viscosity measurements for Gantrez® 97 with different 
surfactant in water 
Surfactant Surfactant/Gantrez 97 
molar ratio 
F68 10 
F68 10 
L62 10 
L62 10 
L64 10 
L64 10 
P65 10 
P65 10 
P65 25 
P65 25 
P65 50 
P65 50 
pH 
4 
7 
4 
7 
4 
7 
4 
7 
4 
7 
4 
7 
k' c* (g/dL) 
0.23 -0.15 0.23 
0.25 -0.13 0.19 
0 .25 -0.14 0.23 
0 .25 -0.13 0.19 
0 .24 -0.15 0.24 
0.25 -0.13 0.19 
0.24 -0.14 0.23 
0 .22 -0.14 0.19 
0 .23 -0.15 0.23 
0 .25 -0.13 0.19 
0 .25 -0.14 0.23 
0 .25 -0.13 0.20 
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Figure 26. Effect of molar ratio of surfactant P65 on c* of Gantrez® 97 
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in the solution. First, the P65 acts as a surfactant to decrease the surface tension and 
facilitate dissolution of the Gantrez® 97 polymer. Second, as P65 is a polymeric 
surfactant, the addition of P65 will increase the viscosity of the solution and reduce chain 
expansion of the Gantrez® 97 copolymer. At low concentrations of P65 ( 10 to 1 
surfactant to polymer molar ratio), the first interaction plays the dominant role, the 
surface tension of solution decreased and the dissolution and expansion of Gantrez® 97 
copolymer were enhanced, and lower c* results. As the surfactant molar ratio increases, 
there is negligible further decrease of solution surface tension, and the second interaction 
plays the dominant role. The increased viscosity of solution constrains the dissolution and 
expansion of Gantrez® 97 copolymer, and c* increases accordingly. 
Deposition and Adsorption Behavior of Gantrez® 97 Polymer 
The deposition and adsorption behavior of Gantrez® polymer from solution onto 
model surface was studied by AFM and quartz crystal microbalance with dissipation 
detector (QCM-D). Mica was chosen as a model surface to study the deposition behavior 
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of the polymer using AFM. QCM-D slides coated with HAp and slides coated with Si02 
were used to study the polymer adsorption behavior. The possible conformations of 
polymer adsorbed on a substrate arere shown on Figure 27. The effect of solvents, pH 
value, and surfactants on the deposition and adsorption behavior of Gantrez® 97 polymer 
was evaluated. 
loop 
.... 
\ 
mushroom train tail pancake 
Figure 27. Conformations of adsorbed polymers on substrate 
It was attempted to evaluate deposition behavior of Gantrez® 97 copolymer in 
lOOmM NaCl solution, the same conditions used to study the solution properties. 
However, the presence of salt crystals makes the AFM analysis difficult. Figure 28 shows 
the freshly cleaved mica height image (a) and height analysis (b), the mica surface is very 
smooth. However, the spin coated polymer solution (100 mM NaCl as solvent) on mica 
surface shows NaCl crystals (Figure 29), and it is not possible to observe the polymer 
conformation. Thus DI water was employed for the AFM studies of deposition. 
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Figure 28. (a) AFM height Image of freshly cleaved mica (b) Height Analysis of freshly 
cleaved mica 
100 nm 
Figure 29. AFM height images of salt crystals (NaCl) taken from polymer solution in 100 
mMNaCl 
Effect of solvent on Gantrez® 97 deposition behavior 
The deposition behaviors of Gantrez® 97 polymer in water solution and 
water/ethanol mixture were studied by AFM. Without any ethanol included, the 
deposition of Gantrez® 97 polymer showed clear pH dependence (Figure 30). Gantrez® 
97 polymer deposited onto the mica surface more uniformly at pH 7 than at pH 4. This 
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can be explained by the fact that pH 7 is above the pKa of the two carboxylic acid groups 
(pK1 = 3.0 & pK2 = 6.22) of the Gantrez® 97 polymer, and that makes Gantrez® 
copolymer negatively charged in pH 7 solution. Thus the Gantrez polymer is more 
hydrophilic and spreads more easily on the hydrophilic mica surface. 
10 nm 
Figure 30. AFM height images of Gantrez® 97 polymer from water solution (a) polymer 
film at pH 4 (b) polymer film at pH 7 
Figure 31 shows the AFM images of deposited Gantrez® polymer solutions with 
different levels of ethanol content at pH 7 on the mica surface. The addition of ethanol to 
the Gantrez® solutions dramatically affected the deposition behavior of the polymer. 
First, the addition of ethanol ( 10% and 25%) caused aggregation of Gantrez® copolymers 
during deposition, as observed in the AFM images in Figure 31 (b) and (c). With further 
increase of ethanol to 50%, a uniformly deposited Gantrez® copolymer layer was again 
observed. The addition of EtOH up to 25% caused de-wetting of the polymer film to form 
larger hemi-spherical aggregates. At 50% ethanol concentration, the evaporation rate is 
dramatically increased during the spin-coating process. It is possible that the evaporation 
rate is responsible for the more uniform Gantrez® copolymer layer. Images obtained at 
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10 nm 
70 nm 2.5nm 
Figure 31. AFM height images from solutions with varying EtOH contents at pH 7 (a) 
0% EtOH content (b) 10% EtOH content (c) 25% EtOH content (d) 50% EtOH content 
pH 4 were similar to those obtained without ethanol, as shown in Figure 30 (a). 
Effect of surfactants on the deposition and adsorption behavior of Gantrez® 97 
Surfactant is a necessary ingredient in the formulation of personal care product. 
The addition of surfactant will affect the conformation of Gantrez® and its c* values in 
the solution accordingly, we described previously. It is interesting to investigate how the 
surfactants will affect the deposition behavior of Gantrez® copolymer. Unless noted, the 
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same 10 to 1 surfactant to polymer molar ratio was employed for the deposition behavior 
study. 
Figure 32 shows AFM images of all kinds of surfactants deposited on the mica 
surface without Gantrez® polymers using water as solvent. These images show that all 
the surfactants leave very little residue on mica by themselves after spin coating. While 
L62 (most hydrophobic) leaves a small amount of surfactant on the surface, F68 (most 
hydrophilic) leaves no apparent surfactant on the surface. 
5nm 5nm 
5nm 5nm 
Figure 32. AFM height images of different surfactants on mica at 10 to 1 surfactant to 
polymer molar ratio by spin coating (a) surfactant L 62 (b) surfactant L 64 (c) surfactant 
P 65 ( d) surfactant F 68 
Figure 33 shows the AFM images of Gantrez® copolymer deposited on the mica 
surfaces with the incorporation of L62 surfactant. At pH 4, a uniformly deposited 
Gantrez® copolymer layer was observed on the mica surface and it appears that the 
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surfactant does not have a large effect on the wetting of the film. However, at pH 7, the 
Gantrez® copolymer layers produced are not homogeneous and showed many different 
states of de-wetting of the polymer film. The difference may be due to the anionic charge 
of the Gantrez® copolymer at pH 7. 
5nm 
5nm 
Figure 33. AFM height images of surfactant L 62 with Gantrez ® 97 at molar ratio 10: 1 
(a) at pH 4 (b) at pH 7 (c) at pH 7 (d) at pH 7 (e) at pH 7 
Figure 34 shows the AFM images of Gantrez® copolymer deposited on the mica 
surface with L64 as surfactant. Again, a uniform Gantrez® copolymer layer is observed 
at pH 4. The surfactant helps the wetting of the polymer film and even though there are 
an increased number of holes, the area covered by film is larger. At pH 7, the Gantrez® 
copolymer fom1ed reproducible films when compared to that of L62, but the film shows a 
strong de-wetting force and aggregates of hemi-spherical shape were formed as a result. 
It is possible also that at pH 7, the anionic charge may be helping the polymer to maintain 
smaller droplets. 
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5nm 
Figure 34. AFM height images of surfactant L 64 with Gantrez ® 97 at molar ratio l 0: l 
(a) at pH 4 (b) at pH 7 
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Figure 35. AFM height images of surfactant P 65 with Gantrez ® 97 at molar ratio l 0: l 
( a) at pH 4 (b) at pH 7 
Figure 35 shows the AFM images of deposited Gantrez® layers on mica surfaces 
with P65 as surfactant. At pH 4, small aggregates were formed and overall a uniform 
Gantrez® layer on the mica surface is observed. It appears that the surfactant helps to 
increase the wetting of the film. At pH 7, aggregates were still found, but when compared 
with L64 polymer film, P65 showed improved wetting as the aggregates are no longer 
hemi-spherical. At pH 7, the increased wetting from the surfactant may help overcome 
the charge of the Gantrez® copolymer in solution. 
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Figure 36 shows the AFM images of Gantrez® copolymer deposited on the mica 
surface with F68 as surfactant. Clearly, uniform! Gantrez® layers were observed for both 
pH 4 and pH 7 solution. I believe that the strong hydrophilicity caused by the long PEO 
segment in F68 plays an important role. It is safe to say that the strong hydrophilicity of 
the surfactant helps the polymer spread on the mica surface at both pH 4 and 7, which 
leads touniform Gantrez® layer formation. Also as Figure 36 (b) shown, the decrease in 
the space between the Gantrez® polymer domains may be due to the increasing size of 
the surfactant F 68. 
5nm 
Figure 36. AFM height images of surfactant F 68 with Gantrez ® 97 at molar ratio 10: 1 
(a) at pH 4 (b) at pH 7 
Overall, the addition of surfactant decreased the surface tension of solution and 
improved the de-wetting caused by the negative charge, resulting in formation of more 
uniform Gantrez® layers. The effect of surfactant largely depends on the length of 
hydrophilic PEO segment, and, based on my experiment results, the longer, the better. 
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Quartz Crystal Microbalance with Dissipation Detector (QCM-D) 
The QCM-D allows monitoring of very small mass change during the adsorption 
process, and reveals information about the viscoelastic properties of the adsorbed layer. It 
consists of a piezoelectric quartz crystal that can be used to measure very small masses. 
The disk shaped crystal is usually sandwiched by two gold electrodes which are 
connected to an electronic oscillator. When an AC voltage is applied to the electrodes, the 
crystal oscillates at its resonant frequency. The surface of the quartz crystal can be 
modified to provide deposition surfaces of different chemical composition. 
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Figure 37. Diagram of q-sensor and a schematic illustration of the strain induced in an 
AT-cut crystal [76]. 
With this technique, the resonant frequency of the crystal, f, will decrease as the 
adsorbed mass (~m) increased. If the film is evenly and rigidly adsorbed, the frequency 
change: ~!= Jo-f, where Jo is the resonant frequency of bare crystal in the medium, is 
related to the adsorbed mass per unit area. The relationship is described by Sauerbrey 
equation: 
fun= - C~J Equation III-8 
n 
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Where n is the overtone number (n=l, 3, 5, 7 ...... ), C is the constant that describes the 
sensitivity of the device to a change in mass, with the value C=0.177 mg m-2 Hz-1• The 
shift of frequency is proportional to adsorbed mass as Figure 38 (a) shown. When the AC 
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Figure 38. Typical QCM-D traces. (a) shows the frequency shift, which is related to 
adsorbed mass. (b) is the change of dissipation rate, which reveals the structure of 
adsorbed layer. 
voltage applied to the electrodes is powered off, there is a decay in oscillation due to 
energy losses in both the crystal and adsorbed layer. The energy dissipation is 
characterized by the dissipation factor D, which provides information about the energy 
loss (E1051) to the surrounding environment over the energy stored (Esrored), and is related 
to the time constant -r [77,78]: 
D = E1osr = _R_ = mRC = _ 1 _ 
2tr Esrored mL tr fr Equation III-9 
Wheref is the resonant frequency, the angular frequency (w) can be varied to determine 
the resistance (R) , inductance (L), and capacitance ( C) of the crystal. 
The QCM-D records the dissipation change in the dissipation factor: W=D-Do during 
the adsorption process, where D is the dissipation factor when polymer is adsorbed, and 
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Do is the dissipation factor of bare crystal. Usually the D value is proportional to the 
viscous and elastic moduli of the adsorbed layer as Figure 3 8 (b) shown. 
Effect of pH and concentration on polymer adsorption 
The effects of concentration and pH value on the adsorption of Gantrez® polymer 
onto commercial HAp QCM-D slides in lOOmM NaCl solution were studied. Since my 
previous research showed that the c* of Gantrez® 97 is in the range of 2-3.5 mg/ml at 
pH 4 or pH 7, one sample far below c* (0.2 mg/ml) and one sample around c* ( 4 mg/ml) 
were employed for QCM-D measurement to study the effect of concentration and pH 
value on absorption behavior. 
Figure 39 shows the typical frequency and dissipation curves measured by QCM-
D. Clearly, at pH 4 and 4mg/ml (above c*), an obvious frequency decrease was observed 
indicating the absorption of Gantrez® copolymer onto the HAp surface. A relatively high 
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Figure 39. Plot of frequency and dissipation change against time for three overtones 
(n=3, 5, and 7;fo=5MHz). (I) Gantrez ® 97 adsorption, (II) rinsing with 100 mM NaCl, 
(III) rinsing with DI water. HAp Q-sensor, 4 .0 mg/ml Gantrez ® 97 in 100 mM NaCl, pH 
4.0, 24±0.1 °C. 
D value means that the dissipation of Gantrez® copolymer from the surface to solution 
was active also, there is an unstable layer between stable absorption layer and the 
solution, the absorption is dynamic. The formation of unstable and stable layers are based 
on different mechanisms. Generally the entanglements between polymer chains are the 
main factor to form the unstable layer. 
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There are several possible reasons responsible for the absorption of the stable 
layer. One is the formation of chelates between two carboxylic groups of Gantrez® 
copolymer and calcium of HAp surface; another possibility is that adsorption is achieved 
via an interaction between Gantrez® copolymer and the hydroxyl sites on the HAp 
surface. After rinsing with NaCl solution, the frequency decreased. This may indicate that 
a stable Gantrez® layer attached on the surface adsorbed NaCl solution in this process. 
With further rinse with DI water, the frequency increased dramatically to the baseline 
level, which means that the absorbed Gantrez® copolymer was removed from the HAp 
surface. This is evidence that the absorption of Gantrez® copolymer onto HAp surface is 
a reversible absorption. 
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Figure 40. Cartoon of polymer adsorption on HAp QCM slide 
Figure 41 is a typical QCM-D curve when the concentration of Gantrez® 
copolymer is below the c* (0.2 mg/ml). 
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Figure 41. Plot of frequency and dissipation change against time for three overtones 
(n=3, 5, and 7;fo=5MHz). (I) Gantrez ® 97 adsorption, (II) rinsing with 100 mM NaCl, 
(Ill) rinsing with DI water. HAp Q-sensor, 0.2mg/ml Gantrez ® 97 in 100 mM NaCl, pH 
4.0, 24±0.1 °C. 
There is a big difference compared with the curve at concentration above the c*. 
The relatively low D value indicates there is little or no unstable layer when polymer 
concentration is below c*. Similarly, the decreased F value after NaCl rinse indicates the 
polymer layer adsorbed NaCl solution. Adsorbed polymer chains were gradually 
removed from the surface causing a peak in D curve during the DI water rinse process. 
The adsorption behavior of Gantrez® 97 with different surfactants onto Si02 
coated QCM-D slides was studied also. Si02 slides were chosen to better mimic the AFM 
studies on mica. 
Figure 42 shows the QCM-D curve of Gantrez® 97 on Si02 without any 
surfactant at pH 4. The thickness of Gantrez® copolymer layer before rinse is around 1.2 
nm by calculation, however, it decreased quickly to 0.2 nm after NaCl rinse, indicating 
no or very little absorption of Gantrez® copolymer on the Si02 surface. This is 
understandable, as we know, unlike HAp, there is no functional group on the surface of 
Si02 and no interaction site with Gantrez® copolymer, so the absorption is pretty weak. 
Very similarly, little or no adsorption of neat Gantrez ® copolymer on Si02 
substrate was observed at pH 7 also, the typical QCM-D curve was shown in Figure 43. 
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The absorption of Gantrez® copolymer onto Si02 surface showed no pH dependence. 
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Figure 42. Plot of frequency and dissipation change against time for three overtones 
(n=3 , 5, and 7;f0=5MHz). (I) Gantrez ® 97 adsorption, (II) rinsing with 100 mM NaCl. 
Si02 Q-sensor, 1.0 mg/ml Gantrez ® 97 in 100 mM NaCl, pH 4.0, 24±0.1 °C. 
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Figure 43. Plot of frequency and dissipation change against time for three overtones 
(n=3 , 5, and 7;fo=5MHz). (I) Gantrez ® 97 adsorption, (II) rinsing with 100 mM NaCl. 
Si02 Q-sensor, 1.0 mg/ml Gantrez ® 97 in 100 mM NaCl, pH 7.0, 24±0.1 °C. 
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Figure 44. Plot of frequency and dissipation change against time for three overtones 
(n=3, 5, and 7;f0=5MHz). (I) F68 adsorption, (II) rinsing with 100 mM NaCl. Si02 Q-
sensor, 1.0 mg/ml F68 in 100 mM NaCl, pH 4.0, 24±0.1 °C. 
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Figure 45. Plot of frequency and dissipation change against time for three overtones 
(n=3, 5, and 7;fo=5MHz). (I) F68 adsorption, (II) rinsing with 100 mM NaCl. Si02 Q-
sensor, 1.0 mg/ml F68 in 100 mM NaCl, pH 7.0, 25°C. 
The absorption behavior of surfactant only, F68, at pH 4 and pH 7 were shown in 
Figure 44 and Figure 45 separately. At pH 4, the thickness of Gantrez® copolymer layer 
was 7.9 nm before rinse and 0.5 nm after rinse; at pH 7, the thickness was 8.0 nm before 
rinse and 0.5 nm after rinse. It means that absorbed surfactant layer could be removed 
through NaCl rinse and pH value of solution does not affect the adsorption behavior. 
When Gantrez® copolymer was mixed with surfactant at surfactant to polymer 
"------
molar ratio of 10: 1, the F value of QCM-D curves showed no or little difference 
compared with the Gantrez® only curves at both pH 4 and pH 7, shown in Figure 46 and 
Figure 47. It appears that surfactant attached to polymer chains rather than Si02 surface. 
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Figure 46. Plot of frequency and dissipation change against time for three overtones 
(n=3, 5, and 7;fo=5MHz). (I) Gantrez ® 97/F68 adsorption, (II) rinsing with 100 mM 
NaCl. Si02 Q-sensor, 4.0 mg/ml Gantrez ® 97 in 100 mM NaCl, F68 over Gantrez ® 97 
molar ratio 10 to 1, pH 4.0, 24±0.1 °C. 
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Figure 47. Plot of frequency and dissipation change against time for three overtones 
(n=3, 5, and 7;f0=5MHz). (I) Gantrez ® 97/F68 adsorption, (II) rinsing with 100 mM 
NaCl. Si02 Q-sensor, 4.0 mg/ml Gantrez ® 97 in 100 mM NaCl, F68 over Gantrez ® 97 
molar ratio 10 to 1, pH 7.0, 24±0.1 °C. 
We also studied the adsorption of Gantrez® copolymer with the addition of three 
other kinds of surfactants L62, L64 and P65 at different surfactant to polymer molar ratio 
10:1, 25:1,50:1, the results were almost the same, no adsorption was observed after NaCl 
solution rinsing. Surfactants did not affect the adsorption of Gantrez® 97 polymer on 
Si02 QCM sensor. 
In summary, polymer concentration above c* ~to a thicker layer in NaCl 
solution, which we think is due to the entanglement of polymer chains. At all the 
conditions, relatively thicker adsorptions of Gantrez® copolymer were observed at pH 4. 
Surfactant appeared to have stronger interaction with the polymer chains than with Si02 
surface, and did not enhance the Gantrez® copolymer adsorption onto the Si02 surface. 
CHAPTER IV 
GENERAL CONCLUSION 
Conclusions 
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In order to have a better understanding of the mechanisms and solution variables 
affecting Gantrez® copolymer solution and deposition properties, this thesis investigated 
the conformation of Gantrez® copolymer in aqueous solution, the preparation of model 
surfaces and the deposition behavior of Gantrez® copolymer from aqueous solution onto 
model surfaces. 
Several methods were followed in an attempt to form a model HAp surface, 
including solution casting, spin-coating, microwave heating, sintering and nucleation. 
Only the nucleation method formed nano-scale smooth surfaces, however, the surfaces 
were unstable. For this reason, studies were performed on HAp coated QCM slides, mica 
and silicon wafer model surfaces. 
The overlap concentration c* of Gantrez® at various conditions was studied. 
Generally speaking, higher pH value results in lower overlap concentration, which is 
explained by the fact that high pH value will increase the ionization degree of Gantrez® 
copolymer, and the ionization will facilitate the expansion of Gantrez® copolymer in 
solution and lower the overlap concentration accordingly. High ionic strength in the 
solution shields charges on the Gantrez® polymer chain, which increases the overlap 
concentration. The addition of ethanol also affects the overlap concentration. At lower 
concentration of ethanol (10%), the overlap concentration decreases; but the overlap 
concentration increases with further increase of ethanol concentration. The effect of 
surfactants on the overlap concentration of Gantrez® copolymer is more complicated. On 
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one hand, the addition of surfactants decreases the surface tension of solution and 
facilitates expansion of Gantrez® molecules in solution; on the other hand, non-ionic 
surfactants increase the viscosity of solution and constrain the dissolution and expansion 
of Gantrez® polymer chains in solution. With fixed hydrophobic segment (PPO) and 
variation of hydrophilic chain length (PEO), at a given surfactnat content, the overlap 
concentration of Gantrez® copolymer showed no difference as a function of surfactant 
type. These findings indicate that the chain length of the hydrophilic segment has no 
important effect on the conformation of Gantrez® in aqueous solution. Overall, a 
minimum overlap concentration was observed with the increase of surfactant content in 
the solution, demonstrating that there is a balance between the two interactions. At low 
surfactant content, the decrease of surface tension dominates the increase of viscosity of 
solution, the Gantrez® copolymer is more expanded and lower overlap concentration was 
observed. At high content, the increase of solution viscosity dominates, and higher 
overlap concentration was observed as a result. The shape factors of Gantrez® 
copolymers in various aqueous solutions were calculated to be in the range of 2.1-2.8, 
indicating that they are rod-like in solution. 
The deposition behavior of Gantrez® copolymer onto mica surfaces was affected 
by the solution pH, solvents and surfactants. Because of the high ionization and expanded 
molecular conformation in solution, the polymer layer was observed to be more uniform 
at pH 7 than at pH 4 . The addition of ethanol (10% and 20%) caused the aggregation of 
Gantrez® copolymer during deposition. At 50% ethanol, uniformly deposited Gantrez® 
copolymer layers were observed. The addition of EtOH concentration up to 25% caused 
de-wetting of the polymer film to form large hemi-spherical aggregates. The enhanced 
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evaporation rate at 50% ethanol resulted in more uniform deposition of copolymer films. 
The addition of surfactant decreased the surface tension of solution and improved the de-
wetting caused by the negative charge, resulting in more uniform Gantrez® films. The 
effect of surfactant largely depends on the length of hydrophilic PEO segments, the 
longer, the better. 
QCM-D studies showed that Gantrez® copolymers deposited onto HAp or Si02 
surfaces formed thicker films for polymer concentrations above c*, attributed to 
entanglement of polymer chains on the surface. Non-adsorbed, entangled chains were 
removed on rinsing. No absorption was observed when the polymer concentration was 
below c*. The addition of surfactants did not enhance the Gantrez® copolymer 
adsorption onto the Si02 surface; it is believed that surfactants have stronger interaction 
with the polymer chains than with the Si02 surface. 
In summary, we studied the solution behavior of Gantrez® copolymer at various 
conditions, the preparation of HAp model surface with all kinds of methods and the 
deposition behavior of Gantrez® copolymer from aqueous solution to surfaces. The 
conformation of Gantrez® copolymer in aqueous solution was affected by solution 
parameters such as ionic strength, solution pH, addition of surfactants and polymer 
concentration, and it is rod-like in aqueous solution. The addition of surfactant to the 
solution resulted in a more uniform Gantrez® film when the polymer solution was spin-
coated onto a mica surface, as observed by AFM analysis. The morphology of the 
deposited Gantrez® copolymer is also related to the structure of the surfactants. As for 
the absorption of Gantrez® copolymer from saline solution onto model HAp and Si02 
surfaces, it occurred only when the copolymer concentration was above c*. No 
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adsorption was observed onto the Si02 model surface, even in the presence of surfactants. 
The greater availability of ionic charge on the polymer (two carboxylic acid groups of 
Gantrez®) seems to drive greater adsorption onto the model surface. 
These studies have not been conducted before, which extend our understanding on 
the solution properties and deposition behavior of Gantrez® copolymer in a broad range 
and the findings provide a great experimental source to evaluate the effect of Gantrez® 
copolymer in the personal care products to improve the existing formulations or guide the 
new formulations accordingly. 
Future Research Considerations 
The experiments and discussions of this thesis have thrown some light on the 
basic understanding of the properties of Gantrez® copolymer in aqueous solution. Yet, 
many other aspects of the fundamental understanding of the relationship between 
Gantrez® copolymer conformation in solution and its deposition behavior still remain 
unknown and need to be investigated further. The following experiments may be 
considered for future study. 
The preparation of HAp model surface was not very successful, although it is a 
very important part in this project. The difficulty lies in developing a both uniform and 
smooth HAp surface at the nano level to allow analysis by nanoprobe and QCM 
techniques. New methods to build very smooth HAp surfaces and/or new characterization 
techniques should be explored. We have done a lot of experiments to explore the 
relationship between conformation of Gantrez® copolymer in aqueous solution and its 
deposition behavior onto model surfaces. However, more experiments need to be done to 
draw a clear conclusion between them. First, we fixed the concentration of Gantrez® 
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copolymer in aqueous at 0.02g/dl (below c*) in order to simplify my experiments. As we 
know, the conformation of polymer in solution is closely related with its concentration, a 
conclusion which will be more persuasive if we could test the Gantrez® copolymer in a 
series of concentrations, from very dilute solution to concentrated solution. Second, the 
kinetics of Gantrez® copolymer deposited onto the model surface has not been explored. 
The mechanism of Gantrez® copolymer deposition and how the static and dynamic 
environments will affect the deposition behavior are very meaningful. These 
understanding will provide guidance on the practical applications of Gantrez® copolymer 
in the formulations of personal care products and more applications may be explored also 
based on this information. 
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